INTRODUCTION {#s1}
============

The rumen is the main site of fiber digestion and protein degradation in ruminant animals. It is estimated that up to 97% of total ingested neutral detergent fiber (NDF) is digested in the rumen ([@CIT0021]), and 50% to 80% of ingested crude protein (CP) is degraded in the rumen ([@CIT0030]). Digestion and passage rates are two competitive processes ([@CIT0027]) that are difficult to be studied separately in vivo. Therefore, studies to understand how dry matter intake (DMI), dietary CP, and NDF affect ruminal digestion independently of passage rate are warranted. In the dual-flow continuous culture system (DFCCS), liquid and solid passage rates are controlled, which allows evaluation of ruminal digestion under controlled conditions and independently from possible differences in animal passage rate and DMI. The DFCCS is a long-term fermentation system with tight variable control, which makes it suitable for evaluating digestion processes. It was developed by [@CIT0019] and recently modified to test beef ([@CIT0006]; [@CIT0001]; [@CIT0043]) and dairy diets ([@CIT0032]; Brandao, Dai et al. 2018; Brandao, Silva et al., 2018).

The end products of carbohydrate and protein fermentation are volatile fatty acids (VFA), microbial cells, CH~4~, and CO~2~ ([@CIT0031]), in which VFA and microbial cells represent the majority of them. Organic acids, notably VFA, largely contribute to metabolizable energy supply for ruminants ([@CIT0007]; [@CIT0002]), and it is estimated that VFA produced in the rumen may account for up to 75% of the total metabolizable energy from the diet ([@CIT0042]). The major VFA produced in the rumen are acetate, propionate, and butyrate, which represent up to 95% of the total acid produced by fermentation ([@CIT0007]); moreover, VFA type may affect animal performance and milk and meat composition. In addition to VFA, microbial protein can also be used as gluconeogenic precursor ([@CIT0025]). In beef cattle, microbial protein can provide between 50% and 100% of total required metabolizable protein ([@CIT0031]); however, depending on animal energy status and production level, they may rely more on energy provided by amino acids.

Therefore, the objective of this study was to investigate the functional form of the relationship between diet composition (dietary CP and NDF) and amount of substrate (fermenter DMI) with microbial fermentation end products in a DFCCS using a meta-analytical approach. We hypothesized that fermenter DMI, dietary CP, and NDF independently affect microbial fermentation end products. We acknowledge that there are other variables that affect ruminal fermentation, such as dietary fatty acids, non-fiber carbohydrates, and starch; however, these are not as frequently reported in others DFCCS and therefore, we focused this review on fermenter DMI, dietary CP, and NDF as independent variables.

MATERIALS AND METHODS {#s2}
=====================

Data Collection and Preparation {#s3}
-------------------------------

Data used in this article were generated from 75 peer-reviewed published studies, and the dataset was comprised 523 treatment means. Articles were published in Journal of Dairy Science, Journal of Animal Science, and PLoS One from 1985 to 2018. Keywords used to search for relevant papers were "dual-flow," "continuous culture," "dual-flow continuous culture system," "microbial fermentation," and "in vitro". The first step of study selection was to ensure that the study under consideration used a dual DFCCS and not any other in vitro system. Second, the study must have used rumen inoculum from dairy or beef cattle, therefore, studies using sheep or goat inoculum were excluded. All studies included in the database reported the independent variables of interest (dietary CP, NDF, and fermenter DMI), and only studies that met all the earlier-cited criteria were included.

The passage rates had minimal variation among studies, in which average solid passage rate was 5%/h (SD = 0.7), whereas liquid passage rate averaged 10%/h (SD = 1.4). Most of the dual-flow studies used the same artificial saliva described by [@CIT0048a]. Therefore, artificial saliva and passage rate were not selection criterion in our study. In DFCCS studies, pH is often maintained constant (by infusion of either NaOH or HCl), and it is not used as a response variable. Of the 75 studies, 39% controlled pH, and 25% did not report it. Therefore, pH was not used as a variable, due to the fact that in the majority of the cases it does not reflect a response to treatments, or it was not reported.

Nutrient digestibility (organic matter \[OM\], NDF, and CP) used in this study was true ruminal digestibility, and dietary NDF and CP are expressed as %DM. When molar proportion of individual VFA and efficiency of microbial synthesis (EMPS) were not reported, they were calculated as follows:
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Model Derivation Procedure {#s4}
--------------------------

An initial graphical examination of the data was performed to identify the relationships that were studied ([@CIT0040a]) and the meta-analysis was performed according to [@CIT0046]. All statistical analyses were performed using SAS ([@CIT0038a]). To derive linear models, the MIXED procedure was used, and for nonlinear models, the NLMIXED procedure was used. Significance levels to fit the model assumed for fixed and random effects were *P* ≤ 0.05. Independent variables used were dietary NDF, CP, and fermenter DMI. The dependent variables and descriptive statistics are presented in [Table 1](#T1){ref-type="table"}. The diets used in the data set ranged in CP from 4% to 28.7%, NDF from 15.1% to 74.22% ([Table 1](#T1){ref-type="table"}), and forage inclusion in the diets ranged from 9% to 100%. The fermenter DMI, dietary NDF, and CP (independent variables) effects on response variables were tested using linear, quadratic (linear models), exponential, and power models (nonlinear models). Random coefficients model was used considering study as a random effect and including the possibility of covariance between the slope and the intercept. The covariance parameter was considered non-zero when *P* ≤ 0.05. Seventeen variance--covariance structures were tested and Akaike's information criteria was used to define the best fit. When Cook's distance was greater than 1, the study was removed from the database in each specific analysis. Outliers were removed when studentized residuals were greater than 2 or less than --2. It should be noted that our model derivation was not intended to generate prediction models, instead our objective was to understand and to evaluate the functional form of the relationship between diet composition (dietary CP and NDF) and amount of substrate (fermenter DMI) with microbial fermentation end products in a DFCCS using a meta-analytical approach.

###### 

Descriptive statistics

  Item                          *n*                     Max     Min     Average   SD
  ----------------------------- ----------------------- ------- ------- --------- ------
                                Independent variables                             
  Diet CP, % DM                 513                     28.7    4.0     15.9      4.1
  Diet NDF, % DM                504                     74.2    15.1    37.1      11.8
  DMI, g/d                      511                     120.0   12.8    72.6      18.4
                                Dependent variables                               
  True digestibility, %                                                           
   OM                           400                     86.4    23.7    53.5      12.6
   CP                           373                     98.3    15.5    61.5      17.5
  NDF digestibility, %          404                     94.0    15.3    53.5      17.4
  VFA, %, otherwise stated^a^                                                     
   Total, mM                    460                     183.1   24.7    90.7      29.2
   Acetate                      479                     82.2    24.7    59.0      11.5
   Propionate                   479                     64.8    8.9     24.6      8.5
   Butyrate                     480                     42.8    1.7     12.5      6.3
  NH~3~--N, mg/dL               420                     28.1    1.2     12.6      6.2
  N flow, g/d                                                                     
   NH~3~--N                     365                     0.8     0.003   0.3       0.2
   NAN^b^                       405                     3.3     0.06    1.6       0.8
   Bacterial-N                  422                     2.4     0.04    0.9       0.5
   Dietary-N                    367                     2.0     0.003   0.7       0.5
  EMPS^c^                       417                     74.4    4.3     27.5      10.5

^a^Volatile fatty acids.

^b^Non-ammonia nitrogen.

^c^Efficiency of microbial protein synthesis, calculated as g of bacterial nitrogen/kg of organic matter truly digested.

EFFECTS ON TRUE RUMINAL DIGESTIBILITY {#s5}
=====================================

True organic matter digestibility (TOMD) decreased as DMI increased ([Table 2](#T2){ref-type="table"}), and a similar response to DMI was also observed for digestibilities of NDF and CP, suggesting that the decline in true NDF digestibility (NDFD) and true CP digestibility (TCPD) is associated with the decline in TOMD. Our results are in agreement with a meta-analysis that evaluated the effects of feeding level and diet composition on digestibility performed by [@CIT0023]. Similar to our results, these authors reported a negative association between DMI, OM digestibility, and NDFD in lactating dairy cows. Our results indicate that TOMD, NDFD, and TCPD measured in DFCCS may be comparable to in vivo response. As DMI increases, it is expected that the total amount of OM truly digested will increase; however, TOMD (expressed as percentage) is decreased. In a DFCCS, the passage rate is not affected by DMI or type of feed, which are the factors typically associated with this response in vivo ([@CIT0022]). However, increasing DMI in a DFCCS resulted in decreased TOMD, possibly because at greater DMI, the relationship between feed and fermenter volume decreases. This context of reduced feed to fermenter volume possibly limits the ability of the microbial population to colonize and ferment feed. Furthermore, in our dataset, TOMD was not affected by increasing dietary NDF ([Table 3](#T3){ref-type="table"}) and CP ([Table 4](#T4){ref-type="table"}).

###### 

Equations using fermenter DMI as independent variable

  Dependent variables           Equation                                          AIC      MSE     R^2^   *P* value^d^
  ----------------------------- ------------------------------------------------- -------- ------- ------ --------------
  VFA, %, otherwise stated^a^                                                                             
   Total VFA, mM                Ŷ = 33.5202 + 0.8296 × DMI                        3,253    213.0   0.73   0.01
   Acetate                      Ŷ = 59.1                                          2,794    45.3    ---    \>0.05
   Propionate                   Ŷ = 17.4964 + 0.09516 × DMI                       2,674    52.3    0.81   0.01
   Butyrate                     Ŷ = 11.41                                         1,851    12.0    ---    \>0.05
  True digestibility, %                                                                                   
   OM                           Ŷ = 86.4729 × (1 -- 0.005413)^DMI^                2,516    29.9    0.81   0.01
   CP                           Ŷ = 112.11 -- 0.8022 × DMI + 0.001905 × DMI^2^    2,679    210.0   0.63   0.04
  NDF digestibility             Ŷ = 90.0419 -- 0.4956 × DMI                       2,516    111.0   0.71   0.04
  NH~3~--N, mg/dL               Ŷ = 28.0475 -- 0.3098 × DMI + 0.001337 × DMI^2^   --115    13.0    0.08   0.02
  N flow, g/d                                                                                             
   NH~3~--N                     Ŷ = 0.3224                                        --335    0.03    ---    \>0.05
   NAN^b^                       Ŷ = 1.0213 -- 0.02418 × DMI + 0.000437 × DMI^2^   16.5     0.06    0.88   0.01
   Bacterial-N                  Ŷ = 0.3224 -- 0.00857 × DMI + 0.000228 × DMI^2^   --1.03   0.05    0.84   0.01
   Dietary-N                    Ŷ = 0.08241 × exp^(0.02869\ ×\ DMI)^              --86.1   0.03    0.85   0.01
  EMPS^c^                       Ŷ = 30.1485                                       2,475    46.2    ---    \>0.05

AIC = Akaike information criteria; MSE = mean square error.

^a^Volatile fatty acids.

^b^Non-ammonia nitrogen.

^c^Efficiency of microbial protein synthesis, calculated as g of bacterial nitrogen/kg of organic matter truly digested.

^d^ *P* value of the model.

###### 

Equations using dietary NDF as independent variable

  Dependent variables           Equation                                                 AIC     MSE     R^2^   *P* value^d^
  ----------------------------- -------------------------------------------------------- ------- ------- ------ --------------
  VFA, %, otherwise stated^a^                                                                                   
   Total VFA, mM                Ŷ = 195 -- 154 × (1 -- exp ^(--0.03\ ×\ NDF)^)           3,863   571     0.86   0.01
   Acetate                      Ŷ = -- 40.06 + 102.86 × (1 -- exp^(--0.1151\ ×\ NDF)^)   2,669   21.9    0.53   0.01
   Propionate                   Ŷ = 189 -- 167 × (1 -- exp^(--0.1368\ ×\ NDF)^)          2,841   25.5    0.64   0.01
   Butyrate                     Ŷ = 13.3716 -- 0.05787 × NDF                             2,168   6.00    0.58   0.03
  True digestibility, %                                                                                         
   OM                           Ŷ = 58.24                                                2,627   28.0    ---    \>0.05
   CP                           Ŷ = 20.7049 + 1.9055 × NDF -- 0.01995 × NDF^2^           2,976   127.0   0.04   0.01
  NDF digestibility             Ŷ = 28.4240 + 0.9311 × NDF -- 0.00781 × NDF^2^           3,076   64.0    0.11   0.04
  NH~3~--N, mg/dL               Ŷ = 3.3167 + 0.2849 × NDF                                2,534   12.0    0.18   0.04
  N flow, g/d                                                                                                   
   NH~3~--N                     Ŷ = 0.06133 + 0.007539 × NDF                             --348   0.01    0.14   0.01
   NAN^b^                       Ŷ = 2.2818 -- 0.01503 × NDF                              143     0.04    0.91   0.01
   Bacterial-N                  Ŷ = 1.3215 -- 0.00973 × NDF                              --133   0.02    0.81   0.02
   Dietary                      Ŷ = 1.0040 -- 0.00625 × NDF                              --31    0.03    0.95   0.01
  EMPS^c^                       Ŷ = 29.69                                                2,703   25.0    ---    \>0.05

AIC = Akaike information criteria; MSE = mean square error.

^a^Volatile fatty acids.

^b^Non-ammonia nitrogen.

^c^Efficiency of microbial protein synthesis, calculated as g of bacterial nitrogen/ kg of organic matter truly digested.

^d^ *P*-value of the model.

###### 

Equations using dietary CP as independent variable

  Dependent variables           Equation                                      AIC     MSE     R^2^   *P*-value^d^
  ----------------------------- --------------------------------------------- ------- ------- ------ --------------
  VFA, %, otherwise stated^a^                                                                        
   Total VFA, m*M*              Ŷ = 29.2671 + 7.9317 × CP -- 0.2264 × CP^2^   3,485   135.1   0.13   0.01
   Acetate                      Ŷ = 54.56                                     2,882   28.4    ---    \>0.05
   Propionate                   Ŷ = 25.723 + 0.3937 × CP -- 0.02629 × CP^2^   3,014   26.3    0.64   0.04
   Butyrate                     Ŷ = 13.16                                     2,636   11.0    ---    \>0.05
  True digestibility, %                                                                              
   OM                           Ŷ = 55.89                                     2,966   29.2    ---    \>0.05
   CP                           Ŷ = 57.69                                     2,395   44.3    ---    \>0.05
  NDF digestibility             Ŷ = 45.45                                     2,767   62.0    ---    \>0.05
  NH~3~--N, mg/dL               Ŷ = 4.2717 × exp^(0.0647\ ×\ CP)^             1,045   11.0    0.16   0.01
  N flow, g/d                                                                                        
   NH~3~--N                     Ŷ = 0.09499 × exp^(0.07532\ ×\ CP)^           185     0.03    0.16   0.01
   NAN^b^                       Ŷ = 1.0905 + 0.03793 × CP                     172     0.04    0.79   0.04
   Bacterial-N                  Ŷ = 0.9246 + 0.002654 × CP                    --18    0.03    0.83   0.02
   Dietary                      Ŷ = 0.7082                                    24.7    0.13    ---    \>0.05
  EMPS^c^                       Ŷ = 21.9473 + 0.3668 × CP                     2,724   25.0    018    0.02

AIC = Akaike information criteria; MSE = mean square error.

^a^Volatile fatty acids.

^b^Non-ammonia nitrogen.

^c^Efficiency of microbial protein synthesis, calculated as g of bacterial nitrogen/ kg of organic matter truly digested.

^d^ *P*-value of the model.

Digestibility of NDF linearly decreased as DMI increased ([Table 2](#T2){ref-type="table"}), possibly due to similar effects observed on TOMD. This result is in agreement with [@CIT0023], which also reported negative association between DMI and NDFD. Similar to the response observed for TOMD, NDFD was not affected by dietary CP ([Table 4](#T4){ref-type="table"}). The majority of fiber degradation occurs in the rumen ([@CIT0048]), and according to [@CIT0021], the rumen contribution to total tract NDFD can be up to 97%. This result suggests that the hindgut contribution to NDF digestion is marginal and that dietary treatment differences observed in the ruminal NDFD closely represent total tract NDFD.

The NDFD was quadratically associated with dietary NDF ([Table 3](#T3){ref-type="table"}) and NDFD was maximized at 58% of dietary NDF. Diets containing more than 58% NDF most likely have greater proportion of poorly digestible nutrients, which could result in lower NDFD as observed in our data. The [@CIT0030] recommends a minimum of 25% NDF, and [@CIT0049] suggested that a high producing dairy cow diet should contain between 14% and 18% of physical effective NDF to avoid issues with low ruminal pH (subacute acidosis) without compromising DMI. Therefore, even though diets containing 58% NDF may not be adequate for high-producing animals. Even though the *P* value for a quadratic model was significative, the R^2^ of this model was considerably low, possibly due to its small slope.

TCPD quadratically decreased as DMI increased ([Table 2](#T2){ref-type="table"}); however, the minimum point of this curve was out of our data range (210 g/d) because our DMI data ranged from 12.8 to 120 g/d ([Table 1](#T1){ref-type="table"}). This result indicates that further investigation of this relationship using a wider range of DMI is warranted. Dietary NDF and TCPD were quadratically associated ([Table 3](#T3){ref-type="table"}), and TCPD was maximized at 48% dietary NDF. When dietary NDF was greater than 48%, TCPD was depressed, possibly due to low energy availability for microbial growth. A similar trend was also observed on NDFD; when dietary NDF was greater than 58%, there was a decline on NDFD. Therefore, diets containing elevated NDF can compromise fiber and protein digestion.

EFFECTS ON VFA {#s6}
==============

As fermenter DMI increased, total VFA concentration linearly increased ([Table 2](#T2){ref-type="table"}), and as dietary NDF increased, total VFA concentration exponentially decreased ([Table 3](#T3){ref-type="table"}). Dietary CP was quadratically associated with total VFA concentration, which was maximized at 18% dietary CP. Diets containing more than 18% CP may result in greater ruminal NH~3~--N accumulation, which can compromise fermentation and result in a decrease in total VFA concentration. As DMI increased, we observed a linear increase in total VFA concentration, and this response was associated with a greater OM intake that can be potentially digested in the rumen. The TOMD in this study was expressed as percentage; therefore, even though the percentage of TOMD decreased as DMI increased, the total amount of OM digested increased and this can be confirmed by the increased total VFA concentration observed in this study. Dietary composition and DMI affect VFA concentration and the molar proportion of individual VFA. In a meta-analysis conducted by [@CIT0026], it was reported that total VFA concentration was significantly related to digestible OM and ruminal fermented OM intake. In the same study, authors estimated that an increase of 1 g/d/kg of BW^--1^ of ruminal fermented OM represented an increase in VFA net portal appearance of 5.93 mmol/d × kg of BW^--1^, demonstrating that changes in ruminal fermentation directly affect energy supply to the animal.

Although in a DFCCS passage rate is controlled, the response of total VFA concentration to dietary NDF content was similar to what is typically observed in vivo: as dietary NDF increases, total VFA concentration decreases ([Figure 1A](#F1){ref-type="fig"}). In vivo, this response is attributed to two main factors: 1) reduction of passage rate due to large quantity of fiber intake, resulting in reduced DMI ([@CIT0049]), and 2) as dietary NDF increases, the concentration of rapidly fermentable carbohydrates decreases, resulting in a reduction in total VFA concentration. However, due to fixed and controlled DMI in DFCCS, this response can be attributed mainly to a reduction in rapidly fermentable carbohydrates due to increasing dietary NDF. Furthermore, there was a quadratic response of total VFA to dietary CP. This result suggests that at low dietary CP, there is a low availability of nitrogen (N) to ensure adequate microbial growth, which compromises fermentation end products. Then, as dietary CP increases, the rumen environmental conditions are improved, favoring microbial growth and resulting in increased total VFA. According to our dataset, at 18% dietary CP, total VFA concentration was maximized.

![Concentration of total VFA (A; AIC = 3,863; MSE = 571), and molar proportion of acetate (B; AIC = 2,669; MSE = 21.9), and propionate (C; AIC = 2,841; MSE = 25.5) using dietary NDF as independent variable.](txz019f0001){#F1}

Although the overall pattern and response of the data reported in DFCCS experiments are similar to those in vivo, the individual values can be slightly different. In a meta-analysis comparing variability of ruminal fermentation data from in vivo and continuous culture studies, [@CIT0020] reported a mean total VFA concentration in vivo of 116.9 mM and from continuous culture system (including a wide variety of in vitro systems) as 93.8 mM, whereas we found a least squared means of 95 mM. The differences between in vivo and data from continuous culture studies can be attributed to two main factors: 1) the way in which VFA are absorbed or removed from the system, and 2) the ratio of fermenter DMI per ruminal fluid volume. In vivo, VFA removal is mainly accomplished through absorption across the rumen wall ([@CIT0016]), and on average, disappearance (presumably absorption) of acetate across rumen wall is 65% ([@CIT0033]) and 66% for propionate ([@CIT0034]). Although the amount of VFA that is absorbed across the rumen wall increases as production rate increases, the molar proportion rate typically remain constant ([@CIT0034], [@CIT0033]). The remaining VFA are washed out with the liquid rumen digesta and absorbed in the lower gut. In a DFCCS, the digesta flow is continuous and VFA removal occurs through outflow. The second factor that explains part of the differences in VFA concentration between in vivo and DFCCS studies is the average DMI:ruminal fluid volume ratio. For a dairy cow, considering a DMI of 20 kg and 80 L of rumen volume, this ratio is 250 g/L ([@CIT0020]), whereas in a DFCCS we observed a range from 18.3 to 79.6 g/L. In our laboratory, the DMI:ruminal fluid volume ratio of the fermenters is approximately 58 g/L ([@CIT0006]; [@CIT0044]; [@CIT0008]).

Quantifying in vivo VFA production can be challenging due to the constant absorption through the rumen wall. For accurate quantification of VFA concentration, total rumen volume needs to be measured, which can be assessed indirectly with ruminal liquid markers or directly by using the rumen emptying technique. In a comprehensive study, [@CIT0018] investigated the relationships among ruminal VFA concentration, pool size, and amount of ruminal liquid digesta, and pointed out that differences found between VFA concentration and pool size are likely associated with amount of ruminal liquid digesta. In vivo, large differences among animals can be observed for ruminal liquid digesta and ruminal dry matter content, on the other hand, in DFCCS, both liquid digesta and fermenter dry matter content are similar across treatments, which controls variation and potentially eliminates confounding effects of these traits and VFA concentration. Therefore, VFA concentration data need to be cautiously evaluated in in vivo studies when used to explain differences among dietary treatments. On the other hand, due to lack of absorption, data from continuous culture studies are more closely related to VFA production ([@CIT0013]).

Molar proportion of acetate was not affected by DMI or dietary CP ([Tables 2](#T2){ref-type="table"} and 4, respectively), and the least squared means for molar proportion of acetate was 59.1%. However, as dietary NDF increased, acetate exponentially increased ([Figure 1B](#F1){ref-type="fig"}). This result is in agreement with the NDFD data, demonstrating that the increase in NDFD (up to the maximum point on the curve) resulted in an increase of acetate molar proportion. The molar proportion of acetate increased with greater magnitude when dietary NDF was between 30% and 40% than when dietary NDF concentration was greater than 40% ([Figure 1B](#F1){ref-type="fig"}).

Acetate molar proportion typically increases when high forage diets are fed, which is also associated with greater ruminal pH and NDFD. Therefore, it is difficult in in vivo studies to isolate effects of diet and pH on ruminal fermentation. In an experiment aiming to evaluate the contribution of ruminal pH and different diet compositions on end products of fermentation, while isolating pH effect, [@CIT0012] fed eight fermenters with diets containing 60:40 and 10:90 forage:concentrate and maintained pH at 8 different levels, ranging from 4.9 to 7.0. The authors reported that acetate was affected by varying pH but not by varying forage:concentrate. Whereas propionate concentration was greater on the high concentrate diet and increased as pH decreased, demonstrating that acetate is more responsive to ruminal pH than to dietary NDF. Similarly, [@CIT0013] reported that concentration of acetate was decreased and propionate increased in fermenters kept at low pH, regardless of diet composition. The acidic condition decreased digestibilities of NDF and acid detergent fiber, which is most likely responsible for the decreased acetate. These results demonstrate that the composition of fermentation end products is a result of a combination between substrate type and ruminal pH.

Propionate linearly increased as DMI increased ([Table 2](#T2){ref-type="table"}), exponentially decreased as dietary NDF increased ([Table 3](#T3){ref-type="table"}), and quadratically increased as dietary CP increased ([Table 4](#T4){ref-type="table"}). As expected, molar proportions of acetate and propionate had opposite responses to dietary NDF ([Figures 1B](#F1){ref-type="fig"} and [2C](#F2){ref-type="fig"}). The same dietary NDF range that resulted in larger increases in acetate (30% to 40% NDF), corresponds to the range of greater decrease in propionate, and after this point, increases in dietary NDF resulted in lower decline in molar proportion of propionate ([Figure 1C](#F1){ref-type="fig"}). Propionate production is mainly associated with fermentation of rapidly fermentable carbohydrates. As NDF concentration in the diet increases, typically dietary NFC decreases, which could explain the response observed in this study. This response of propionate to increased dietary NDF has been widely reported in vivo ([@CIT0005]; [@CIT0041]) and in DFCCS studies ([@CIT0004]; [@CIT0006]; [@CIT0043]). Therefore, according to the present data, propionate and acetate response to dietary NDF found in DFCCS studies follows a similar pattern as in vivo.

![Ammonia nitrogen concentration (mg/dL; A; AIC = 1,045; MSE = 11) and non-ammonia nitrogen flow (NAN g/d; B; AIC = 172; MSE = 0.04) using dietary CP as independent variable.](txz019f0002){#F2}

In our dataset, molar proportion of butyrate ranged from 1.7 to 42.8 ([Table 1](#T1){ref-type="table"}), mean of 12.5 (± 6.5), and it was not affected by DMI ([Table 2](#T2){ref-type="table"}) or CP ([Table 4](#T4){ref-type="table"}). The wider range of molar proportion of butyrate observed in DFCCS, when compared to in vivo, may be explained by the lack of absorption by the rumen wall. [@CIT0035] estimated that 18% to 30% acetate, 30% to 70% propionate, and 74% to 90% butyrate produced during ruminal fermentation are used by the rumen wall. The large butyrate use by the rumen wall suggests butyrate values found in vivo may be lower than those in DFCCS studies, due to lack of absorption.

Molar proportion of butyrate linearly decreased as dietary NDF increases ([Table 3](#T3){ref-type="table"}), potentially due to a reduction in NFC (notably starch) as dietary NDF increased. Butyrate accumulation in the rumen has been reported in animals with greater amounts of ruminal lactate ([@CIT0028]; [@CIT0015]), which indicates that diets high in starch and low in NDF can result in increased proportion of butyrate and propionate. Butyrate can be formed from acetate ([@CIT0029]); however, it has the opposite response, when compared to acetate, with regard to increasing dietary NDF. Therefore, strengthening the hypothesis that as dietary NDF increases, the formation of acetate is preferred over propionate or butyrate ([@CIT0029]).

EFFECTS ON N METABOLISM {#s7}
=======================

Ammonia N concentration (mg/dL; NH~3~--N) quadratically decreased as DMI increased ([Table 2](#T2){ref-type="table"}), whereas ammonia N flow (NH~3~--Nf) was not affected by DMI ([Table 2](#T2){ref-type="table"}). The NH~3~--N and NH~3~--Nf linearly increased as dietary NDF increased ([Table 3](#T3){ref-type="table"}), and similar results using DFCCS were previously reported by [@CIT0014]. When dietary CP ranged from approximately 15% to 20%, the slope of the regression was greater, indicating that NH~3~--N accumulation within this range was accentuated ([Figure 2A](#F2){ref-type="fig"}). Both NH~3~--N and NH~3~--Nf also increased as dietary CP increased ([Table 4](#T4){ref-type="table"}). [@CIT0039] reported a similar response of ruminal NH~3~--N to dietary CP; however, they found a quadratic response whereas the model that best fit our data was exponential.

As dietary NDF is increased, the concentration of rapidly fermentable carbohydrates is typically reduced, consequently resulting in less energy available for microbial growth, and greater NH~3~--N accumulation. Another potential effect associated with this response is the lack of protein and energy synchronization, which can also result in NH~3~--N accumulation. Rumen-degraded protein is broken down into peptides and amino acids by microorganisms and are either deaminated to NH~3~ or incorporated into microbial protein ([@CIT0003]). Microbial protein synthesis is dependent on carbohydrate supply to provide energy for microbial metabolism and if the rate of carbohydrate degradation exceeds microbial assimilation, microbial protein synthesis is compromised. Similarly, when the protein degradation rate exceeds the carbohydrate degradation rate, then N can be lost in the form of NH~3~ ([@CIT0003]). When there is surplus of rumen-degraded protein or lack of energy, NH~3~ release rate (from feed) exceeds microbial NH~3~ uptake [@CIT0030], resulting in NH~3~ accumulation in the rumen. In vivo, this can lead to increased N excretion ([@CIT0010]).

In a continuous culture study, [@CIT0040] reported that once NH~3~ starts to accumulate inside the fermenters, the growth of NH~3~-using bacteria is not enhanced and suggested that 5 mg NH~3~--N/dL is sufficient to support adequate microbial growth rates. In the ruminal environment, a minimal NH~3~ concentration is required to ensure adequate microbial growth. Data from studies using ^15^N suggested that at least 50% microbial protein produced in the rumen uses N from NH~3~, and the remaining microbial protein is derived from peptides and amino acids ([@CIT0024]). However, that proportion can vary depending on the availability and sources of N within the rumen. In addition, fibrolytic bacteria preferably uses NH~3~--N as N sources, instead of amino acids and peptides ([@CIT0037], [@CIT0038]). Therefore, the findings of [@CIT0017] illustrate the importance of maintaining a minimum concentration of ruminal NH~3~ not only for adequate microbial fermentation but also for adequate fiber digestion.

Low-producing animals, and animals fed low CP levels, rely more on N coming from recycled N and on rumen-degraded protein than high-producing animals. However, in a DFCCS, N recycling is simulated through addition of urea in the saliva, thus urea is continuously added in the system independently of the physiological state that is being simulated in the study. It is possible that when feeding diets with greater CP to fermenters, the urea continuously added via saliva will contribute to greater NH~3~--N accumulation in the fermenters. This can result in slightly greater NH~3~--N concentration when high-protein diets are fed to fermenters compared to values observed in vivo under similar dietary CP. For instance, [@CIT0011] fed lactating cows a control diet containing 16.5% CP and found NH~3~--N concentration of 13.9 mg/dL. Although [@CIT0009] fed continuous culture fermenters diets containing 16% CP and reported NH~3~--N ranging from 16.2 to 18.2 mg/dL.

Non-ammonia nitrogen (NAN) flow quadratically increased as DMI increased ([Table 2](#T2){ref-type="table"}), whereas it linearly decreased as dietary NDF increased ([Table 3](#T3){ref-type="table"}). It was expected that increasing dietary CP would result in increased NAN flow ([Figure 2B](#F2){ref-type="fig"}), as well as flows of NH~3~--N and bacterial-N, due to greater N input into the system. Flow of bacterial-N quadratically increased and dietary-N flow exponentially increased as DMI increased. Flows of bacterial-N and dietary-N linearly decreased as dietary NDF increased ([Table 3](#T3){ref-type="table"}), whereas as DMI increases, bacterial-N quadratically increased and dietary-N exponentially increased ([Table 4](#T4){ref-type="table"}). According to our dataset, dietary-N flow was maximized at 18% CP. Low dietary CP limits N available for digestion and microbial growth. In addition, diets containing low CP may limit microbial growth due to the lack of N in the form of amino acids and peptides, which are required for maximum microbial growth ([@CIT0017]). These findings are in agreement with our data on bacterial-N flow and VFA response to dietary CP, where at low dietary CP we observed low bacterial-N flow and total VFA concentration, suggesting that at low dietary CP overall fermentation is compromised.

Efficiency of microbial protein synthesis linearly increased as dietary CP increased ([Table 4](#T4){ref-type="table"}); however, it was not affected by DMI and dietary NDF ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, respectively). Microbial efficiency is a combination of ruminal ATP yield ([@CIT0045]) or amount of OM truly digested, and the efficiency in which ruminal microbial population use this energy to convert into bacterial-N ([@CIT0003]). The TOMD was not affected by dietary CP; however, total VFA, molar proportion of propionate, and bacterial-N flow were positively associated with dietary CP. The fermentation end products can affect bacterial efficiency, as the metabolic routes to produce acetate result in greater energy loss than to produce propionate due to greater gas production ([@CIT0047]). Therefore, we speculate that the positive association of dietary CP with molar proportion of propionate and bacterial-N resulted in increased EMPS. Even though increasing dietary CP increased EMPS, it is not recommended, for dairy animals, to feed diets above 18% CP. At this protein level, total VFA concentration and molar proportion of propionate were maximized; however, after this point, increases in dietary CP resulted in a decline of these parameters. Furthermore, feeding CP in excess to cattle results in ruminal NH~3~--N accumulation, ultimately increasing urea excretion in milk and urine ([@CIT0036]).

SUMMARY AND IMPLICATIONS {#s8}
========================

Increases in dietary CP resulted in increased microbial efficiency and bacterial-N flow. However, as dietary CP and NDF increased, we observed that NH~3~--N also increased. Fermenter DMI was mostly associated with greater substrate availability, resulting in increases on VFA concentration and molar proportion of propionate, whereas dietary NDF increased the molar proportion of acetate, NDFD and CPD. However, it was also positively associated with NH~3~--N concentration. Overall, the analysis of this dataset composed of 523 treatment means from 75 peer-reviewed published studies from 1985 to 2018 demonstrates strong evidences that the DFCCS technique provides valuable estimates of ruminal digestibility, VFA concentration and nitrogen metabolism, which were closely related to the expected in vivo response. However, further studies comparing in vivo ruminal fermentation with DFCCS data are warranted. In addition, our data demonstrate that this technique can be a valuable tool for testing a large variety of dietary treatments in a short period of time, with continuous removal of fermentation end products and for longer period of time than other in vitro systems.
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